Ubiquitin and ubiquitin-like chains are finely balanced by the action of conjugating and deconjugating enzymes. Alterations in this balance trigger signalling events required for the response to stress conditions and are often observed in pathologies. How such changes are detected is not well-understood. We show that upon DNA damage the induction of the de-NEDDylating enzyme NEDP1 restricts the formation of poly-NEDD8 chains, mainly through lysines K11/K48. This promotes APAF1 oligomerisation and apoptosis induction, a step that requires the HSP70 ATPase activity. We found that HSP70 binds to NEDD8 and in vitro, mono-NEDD8 stimulates the ATPase activity of HSP70, counteracted upon poly-NEDDylation. This effect is independent of NEDD8 conjugation onto substrates. The studies identify the HSP70 chaperone as sensor of changes in the NEDD8 cycle, providing mechanistic insights for a cytoplasmic role of NEDD8 in the DNA damage induced apoptosis. They also indicate that the balance between mono-versus poly-NEDDylation is a regulatory module of HSP70 function.
Introduction
A key property of ubiquitin and ubiquitin-like (Ubl) molecules is their ability to modify substrates as single moieties or in the form of polymeric chains. The extent and topology of polymeric chains is finely balanced by the coordinated action of conjugating and de-conjugating enzymes (Williamson et al., 2013) . The activity of these enzymes is altered as part of the cellular response to stress and is de-regulated in pathological conditions including cancer, immunological and neurodegenerative diseases (Popovic et al., 2014) . Hence, these enzymes are regarded as major targets for therapeutic intervention. The outcome of such de-regulation is the change in the equilibrium between the mono-and polymeric state of ubiquitin and Ubl modification. However, the pathways that sense such alterations are not well-understood (Popovic et al., 2014; Williamson et al., 2013) .
The ubiquitin-like molecule NEDD8 is highly conserved and essential in almost all tested organisms. Its functions have been characterised mainly through mono-NEDDylation of the cullin family of proteins and stimulation of the activity of Cullin-Ring-Ligases (CRL), but also through modification of non-cullin substrates (Abidi and Xirodimas, 2015; Enchev et al., 2014) .
Defects in the NEDD8 cycle resulting in increased levels of NEDDylation have been reported in several types of cancers including lung adenocarcinomas, squamous-cell carcinoma and hepatocellular carcinoma and inhibitors of the NEDD8 pathway are in Phase II clinical trials (Abidi and Xirodimas, 2015; Barbier-Torres et al., 2015; Delgado et al., 2018) . Protein NEDDylation is a reversible process. The NEDP1 (DEN1, SENP8) protease specifically processes NEDD8 into the mature form, required for the activation of NEDD8 by the NEDD8 E1 enzyme and additionally catalyses de-NEDDylation of substrates (Abidi and Xirodimas, 2015; Enchev et al., 2014) . While proteomic studies have indicated the formation of NEDD8 chains in 4 cells, their regulation and biological function(s) are not well-defined (Abidi and Xirodimas, 2015; Enchev et al., 2014) . By combining studies in C. elegans and in human cells we found a conserved role of the NEDD8 cycle in the DNA damage induced apoptosis. The induction of NEDP1 upon DNA damage restricts the formation of poly-NEDD8 chains mainly through lysines K11/K48 in the cytoplasm. This promotes the oligomerisation of the Apoptotic Protease Activating Factor 1 (APAF1) and apoptosis induction. We found that de-NEDDylation is required for the release of the HSP70 chaperone from APAF1, a required step towards APAF1 oligomerisation. HSP70 binds to NEDD8 and we mapped the ATPase domain as the binding site for NEDD8 on HSP70. Biochemical analysis shows that the balance between mono-and poly-NEDD8 is a regulatory module for HSP70 function; mono-NEDD8 activates the ATPase activity of HSP70, which is counteracted upon poly-NEDDylation. Restriction of poly-NEDDylation by NEDP1 restores the stimulatory effect of NEDD8 on HSP70 ATPase activity. The studies reveal that HSP70 is a sensor of changes in the NEDD8 cycle controlled by NEDP1 and provide mechanistic insights on the role of poly-NEDDylation restriction as regulatory module of HSP70 function and apoptosis induction upon DNA damage. These findings may be relevant in pathology, as we found that NEDP1 levels are downregulated in a mouse model system for Hepatocellular Carcinoma with concomitant accumulation of NEDD8 conjugates. Collectively, the data provide a molecular basis for a potential suppressive role of NEDP1 in tumorigenesis through restriction of poly-NEDD8 chains.
Results

The de-NEDDylating enzyme ULP-3/NEDP1 restricts the formation of K11/48 NEDD8 chains and is required for DNA damage-induced apoptosis in C.elegans
We identified ulp-3 (Ubiquitin-like protease-3, sequence Y48A5A.2) as the C. elegans homologous gene of human NEDP1 by reciprocal BLAST analysis ( Fig. 1A) . ULP-3 has the catalytic triad His/Asp/Cys that defines the cysteine protease super-family ( Fig. 1A) . In vitro, ULP-3 processes the NEDD8 C-terminal similarly to NEDP1, whereas in vivo, overexpression of ULP-3 in human cancer cells decreases NEDDylation of L11, a previously characterised NEDD8 substrate (Xirodimas et al., 2008) and has no effect on total ubiquitination. Both activities depend of the predicted catalytic C167 (Supplemental information Fig. 1 ). These results indicate that C. elegans ULP-3 is a bona fide NEDD8 specific protease and the C. elegans homologous protein to human NEDP1.
We obtained a deletion allele (ulp-3 (tm1287)), within the reading frame, which abolishes ulp-3 expression, shown by RNA and protein level analysis (Supplemental information Fig. 2 ). The ulp-3 KO animals are viable and further systematic phenotypic characterisation shows no defects in cell cycle progression, growth and fertility compared to wild type animals (data not shown).
However, worms deleted or silenced for ulp-3, in contrast to wild type animals, are almost completely resistant to the induction of apoptosis upon ionising radiation (IR) in germ cells ( Fig.   1B , C). Therefore, ULP-3 is not essential for viability and development in C. elegans but it is required for the IR-induced apoptosis.
The apoptotic core pathway in C. elegans is responsible for both germ cells homeostasis and developmental programmed cell death (Bailly and Gartner, 2013; Lettre and Hengartner, 2006) .
We exploited the worm mutant ced-1 (e1735) in which apoptotic corpses engulfment is severely 6 impaired, allowing quantitation of developmental apoptosis. No difference in the number of apoptotic cells that persist in the head of L1 larvae between the ced-1 single mutant with the ulp-3; ced-1 double mutant was observed, suggesting a specific role for ULP-3 in germ cells apoptosis upon IR (Supplemental information Fig. 3 ). By using the ts glp-4 mutant in which the germ line is eliminated at the restrictive temperature or by analysing dissected germ lines, we found by qPCR and western blot analysis that ulp-3 is preferentially expressed in germ cells, providing an explanation for the specific role of ULP-3 in the IR-induced apoptosis in germ cells (Supplemental information Fig. 4 ).
In response to Double Strand Breaks (DSBs), the main cellular circuitry involved in apoptosis induction is the DNA damage checkpoint signalling pathway that ultimately triggers the highly conserved transcription activator p53, called CEP-1 in C. elegans (C. elegans p53-like 1) (Bailly and Gartner, 2013; Lettre and Hengartner, 2006) . We analysed multiple phenotypes indicative of an efficient activation of the DNA damage checkpoint signalling pathway: We determined the sensitivity of the ulp-3 mutant to IR in a clonogenic survival assay indicative of defects in DSBs repair, assessed the cell cycle arrest induced by DNA damage and quantitatively measured the induction of the two CEP-1 target genes, egl-1 and ced-13, as readout of CEP-1/p53 activation.
ulp-3 deletion has no effect on DNA repair, cell cycle arrest and CEP-1 activation upon IR (Supplemental information Fig. 5 ) suggesting that the cascade of events that follow the activation of the DNA damage checkpoint signalling pathway are not under ULP-3 regulation. We concluded that the branching point where ULP-3 intersects the DNA damage checkpoint signalling pathway, is downstream or parallel to the C. elegans p53-like protein CEP-1.
Downstream of CEP-1 activation, the oligomerisation of CED-4 (APAF1 homologue) into the apoptosome homomeric complex is the critical step for caspase 3-like protein (CED-3) activation 7 and apoptosis induction (Qi et al., 2010) . We monitored the effect of ulp-3 deletion on CED-4 localisation using a C. elegans strain stably expressing CED-4::GFP under its endogenous promoter and 3'UTR. CED-4::GFP displays perinuclear localisation consistent with the pattern of endogenous CED-4 ( Fig. 1D ). By using Fluorescence Recovery After Photobleaching (FRAP) in living worms we determined the mobile fraction of CED-4::GFP in the perinuclear area, as 19 .24 % ± 0.69 %, which is compatible with the mobile fraction of a membranous or membrane interacting protein (Wolter et al., 1997) . Deletion of ulp-3 significantly reduces the CED-4::GFP mobile fraction by nearly 40% (12.18% ± 1.03%) ( Fig. 1D , E). DNA damage by IR lead to the appearance of CED-4::GFP as punctate structures at the vicinity of the nuclear membrane, and this phenomenon was exacerbated in the ulp-3 mutant ( Fig. 1F ). FRAP analysis showed that these CED-4::GFP structures at the perinuclear membrane become completely immobile (data not shown). The observed defects in the CED-4 mobile fraction and apoptosis induction upon IR in the ulp-3 mutant were restored to a nearly wild type level upon transient ned-8 RNAi treatment ( Fig. 1E, G) . The data indicate that de-NEDDylation by ULP-3 increases the mobile fraction of CED-4 required for the activation of the apoptotic response to IR.
To gain mechanistic insights into the role of ULP-3 in the IR-induced apoptosis, we devised an unbiased proteomics approach to discover potential NEDD8 targets for ULP-3 upon DNA damage. Identification of diglycine (diGly) remnants left on lysine residues upon trypsin digestion of proteins by mass spectrometry demonstrates their modification with ubiquitin, NEDD8 or ISG15 (Kessler, 2013; Ordureau et al., 2015) . We hypothesised that changes in the diGly signature upon deletion of the de-NEDDylating enzyme ULP-3, should specifically indicate changes in the NEDD8 modification repertoire. We combined Stable Isotope Labelling with Amino acid in nematodes (SILAC) (Larance et al., 2011) with the use of antibodies that 8 recognise the diGly remnant on modified peptides (Kessler, 2013; Ordureau et al., 2015; . Wild type and ulp-3 deleted worms were labelled with Light and Heavy isotopes respectively ( Fig. 2A ). To specifically address the effect of ULP-3 on the NEDD8 proteome upon DNA damage, both sets of worms were exposed to IR. Extracts were mixed in 1:1 ratio before immunoprecipitation with the anti-diGly antibody followed by MS/MS ( Fig. 2A) . A total of 951 non-redundant diGly peptides were quantified, among which the abundance of 32 was significantly increased (>2.5 fold) upon ulp-3 deletion after IR (Supplemental information Table   1 ). Interestingly, no significant changes in the modification of multiple proteins involved in the DNA damage response, including cullins, were observed ( Fig. 2B) . Similarly, ubiquitin chain formation was mainly unaffected under these conditions (Fig. 2B ). The proteomic data are consistent with the genetic characterisation, suggesting that ULP-3 does not control the DNA damage checkpoint activation. By contrast, we observed a significant increase for the modification of NEDD8 on lysines 11 and 48 (K11/K48, SILAC ratio of 10.6 and 11.2 respectively) ( Fig. 2B ), indicating that deletion of ULP-3 increases poly-NEDD8 chain formation. The data highlight that a key function of ULP-3 upon DNA damage is to restrict the formation of NEDD8 chains through lysines K11/K48 ( Fig. 2B ).
NEDP1 is a DNA damage induced gene with a conserved role in DNA damage induced apoptosis in human cells.
To determine and biochemically explore the conservation of our findings in C. elegans, we investigated in human cells the role of the ULP-3 homologue NEDP1 in the DNA damageinduced apoptosis. Knockdown of NEDP1 by siRNA increased overall protein NEDDylation with no significant effect on cullin-NEDDylation ( Fig. 3A) . Importantly, the observed increase in NEDDylation depends on the canonical NEDD8 activating enzyme (NAE) and not on NEDD8 9 activation by the ubiquitin E1 enzyme Ube1, which occurs under proteotoxic stress (Hjerpe et al., 2012; Leidecker et al., 2012) (Fig. 3A, middle 
panel). A dramatic increase in protein
NEDDylation with no effect on ubiquitination is observed in 2 different clones of U2OS (C6 and H6) where NEDP1 is deleted using CRISPR/Cas9 (Fig. 3B , Supplemental information Fig. 6 ).
By monitoring caspase 3/7 activation or Annexin V staining, we found that NEDP1 knockdown significantly decreases the IR-induced apoptosis (Fig. 3C, D) . Similar results were obtained using the NEDP1 KO U2OS cells exposed to the chemical inducer of DSBs, etoposide ( Fig. 3E ).
Under these stress conditions, NEDP1 deletion does not affect either γH2AX or p53 stabilisation (Supplemental information Fig. 7 ). Importantly, DSBs induce a late (24hrs post IR) expression of the NEDP1 mRNA and protein levels, showing that NEDP1 is a DNA damage responsive gene ( Fig. 3F) . Consistent with the notion that NEDP1 does not control early events in the DNA damage response at the chromatin level, subcellular fractionation shows that both NEDP1 and the accumulated NEDD8 conjugates upon NEDP1 deletion are almost exclusively localised in the cytoplasm (Fig. 4A ). These findings are consistent with the observations in C. elegans showing that the upstream activation of the DNA damage checkpoint is unaffected by ULP-3 deletion. Based on the proteomic analysis in C. elegans we tested in human cells the role of K11/48 NEDD8 chain formation in the induction of apoptosis upon DSBs. We generated U2OS cells stably expressing either wild type or K11/48R His 6 -NEDD8 mutant at endogenous levels (Liu and Xirodimas, 2010) (Fig. 4B ). As expected in the presence of wild type NEDD8, knockdown of NEDP1 increases NEDDylation and prevents the induction of apoptosis upon DSBs (Fig. 4B, C) . However, the K11/48R NEDD8 mutant impaired the increase in NEDDylation upon NEDP1 knockdown and partially restored (up to 70%) the IR-induced apoptosis (Fig. 4B, C) . In combination with the proteomic analysis in C. elegans, the data suggest that the de-NEDDylation of poly-NEDD8 chains via their K11/48 linkage is the main and conserved function of ULP-3/NEDP1 that is required for the induction of apoptosis upon DNA damage.
NEDP1 is required for HSP70-mediated APAF1 oligomerisation upon DNA damage
Based on the findings in C. elegans on the role of ULP-3 on CED-4 mobility, we followed a biochemical approach in human cells to determine the role of NEDP1 on APAF1 activation upon DSBs. We monitored by sucrose gradient sedimentation the oligomerisation of APAF1, indicative of the formation of the apoptosome (Bratton and Salvesen, 2010) . While in control cells DSBs cause the formation of APAF1 oligomers, in NEDP1 KO cells APAF1 oligomerisation was severely impaired and APAF1 remained in its monomeric state (Fig. 5A ).
The findings in C. elegans and human cells indicate that ULP-3/NEDP1 through de-NEDDylation promotes the formation of the active apoptosome upon DSBs.
APAF1 oligomerisation is a dynamic and key event towards initiation of apoptosis (Bratton and Salvesen, 2010; Cain et al., 1999; Rodriguez and Lazebnik, 1999) . Amongst several control mechanisms, the binding of the heat shock protein 70 (HSP70) to APAF1 is an important regulatory event in APAF1 oligomerisation. More specifically, the activation and release of HSP70 from APAF1 upon stress, is required for the apoptosome formation and induction of apoptosis (Beere et al., 2000; Saleh et al., 2000) . However, the signals, mechanism(s) and cochaperone(s) involved in HSP70 activation under these conditions remain unclear.
Consistent with the previous studies (Beere et al., 2000; Saleh et al., 2000) we found that DSBs caused the decrease of HSP70 binding to APAF1 in control U2OS cells ( Fig. 5B ). However, in the NEDP1 knockout H6 cells an increased HSP70-APAF1 binding was observed both in unstressed and DSBs stress conditions (Fig. 5B ). We investigated several possibilities of how the 11 increase in NEDDylation observed in NEDP1 KO cells impacts on the HSP70-APAF1 interaction, including assays monitoring the potential NEDDylation of HSP70 and APAF1.
Under endogenous levels of NEDD8 expression and denaturing conditions that prevent noncovalent interactions, we did not detect the covalent modification of either HSP70 or APAF1 with NEDD8. In contrast, we found as the most consistent observation the interaction of HSP70 with the accumulated NEDD8 conjugates in H6 NEDP1 KO cells (Fig. 5C ). This suggests that the binding of HSP70 with poly-NEDDylated conjugates in NEDP1 KO cells blocks the HSP70 release from APAF1. Consistent with this hypothesis, inhibition of poly-NEDDylation in NEDP1 KO cells, either with the specific NEDD8 E1 inhibitor MLN4924 or with NEDD8 siRNA, reduced the binding of HSP70 to APAF1 (Fig. 5D ).
NEDD8 binds to the ATPase domain of HSP70 and stimulates HSP70 ATPase activity
We then followed a biochemical approach to further characterise the NEDD8-HSP70 binding.
Using recombinant proteins we found a direct interaction between NEDD8 and HSP70 in vitro ( Fig. 6A, B ). Mutational analysis showed that NEDD8 binds the ATPase domain of HSP70, between amino acids 190-394, which overlaps with the HSP40 J-domain binding region within the HSP70 ATPase domain (Fig. 6B, C) (Ahmad et al., 2011) . Furthermore, the HSP70 (190-394) fragment can also pull-down NEDD8 conjugates from NEDP1 KO cells (Fig. 6D ). While the in vitro analysis shows that HSP70 interacts with mono-NEDD8, the in vivo analysis suggests a preference of HSP70 for high molecular weight poly-NEDD8 conjugates.
ATP hydrolysis by HSP70 is a critical regulatory element for the interaction of HSP70 with client proteins which is stimulated by HSP70 co-chaperones, including HSP40 (Kityk et al., 2012; Mayer and Bukau, 2005; Palleros et al., 1991; Zhuravleva et al., 2012) . We found that mono-NEDD8 but not ubiquitin stimulates the ATPase activity of HSP70 to a similar extent as 12 HSP40, indicating an important role for NEDD8 for HSP70 function regulation (Fig. 6E , Supplemental information Fig. 8 ). Mutation of a single amino acid (I44A) within the hydrophobic patch of NEDD8 prevented both the NEDD8-HSP70 interaction and the stimulatory effect of NEDD8 on HSP70 ATPase activity (Supplemental information Fig. 9A, B) .
Poly-NEDDylation blocks the stimulatory effect of mono-NEDD8 on HSP70 ATPase activity
We next determined the role of poly-NEDDylation in HSP70 ATPase function. We isolated poly-NEDD8 conjugates either from NEDP1 knockout cells stably expressing His 6 -NEDD8 ( Fig.   6F ) or from in vitro reactions using recombinant His 6 -NEDD8 (Supplemental information Fig.   9C ). We employed high-salt purification conditions to ensure that no contaminant ATPase activity was co-purified ( Fig. 6F) . In contrast to mono-NEDD8, the addition of poly-NEDD8 conjugates did not stimulate the HSP70 ATPase activity; rather a reproducible decrease was observed ( Fig. 6F, Supplemental information Fig. 9C ). However, upon de-conjugation with the addition of recombinant NEDP1, an increase in HSP70 ATPase activity was observed ( Fig. 6F , Fig. 9C ). We performed a similar experiment as in Fig. 6F , transfecting instead NEDP1 knockout cells with a His 6 -NEDD8 mutant deleted of its C-terminal glycine. This mutant is deficient in modifying substrates but itself can be modified by endogenous wild type NEDD8, allowing the isolation of NEDD8 chains that are not attached to substrates (unanchored). Similarly to the data obtained with the wild type NEDD8 chains, unanchored NEDD8 chains inhibited HSP70 ATPase activity, which was induced upon deconjugation by NEDP1 (Fig. 6G) . This shows the direct role of NEDD8 chain processing by NEDP1 on HSP70 ATPase activity regulation, which is independent on the conjugation of NEDD8 to substrates.
Supplemental information
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NEDP1 is downregulated in Hepatocellular Carcinoma
The NEDD8 pathway is upregulated in several types of tumors, which often acquire resistance to the used chemotherapy (Abidi and Xirodimas, 2015) . Based on our observations the accumulation of poly-NEDD8 chains upon NEDP1 deletion, compromises the induction of apoptosis upon DNA damage. However, the patho-physiological relevance for these findings remains unknown. We determined the expression of NEDP1 in the Glycine N-methyltransferase (GNMT) knockout pre-clinical mouse model of Hepatocellular Carcinoma (HCC). GNMT is a tumor suppressor and deletion in mice results in the development of HCC (Martínez-Chantar et al., 2008) . We chose this system as previous studies showed upregulation in protein NEDDylation in GNMT-/-derived HCC tumors (Delgado et al., 2018) . We found that NEDP1 protein levels in liver tissue extracts are dramatically reduced in all tested HCC animals compared to control animals (Fig. 7A, B) . The observed decrease is not due to changes in nedp1 mRNA levels suggesting a post-transcriptional mechanism (Fig. 7C) . Importantly, the decrease in NEDP1 levels is accompanied with a significant increase in NEDDylation, particularly for the high molecular weight conjugates, indicative of poly-NEDD8 conjugates (Fig. 7A) . The data indicate that decrease in NEDP1 levels is induced during liver tumorigenesis and provide a molecular mechanism for the reported increase of NEDDylation in these tumors.
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Discussion
The role of ubiquitin and SUMO modification in the DNA damage response is established at the chromatin level, where upon recruitment they initiate complex signalling events for DNA repair and/or the induction of apoptosis (Jackson and Durocher, 2013; Zhao et al., 2014) . Nuclear functions of NEDD8 required for DNA repair have also been reported through NEDDylation of cullins and non-cullin targets, including histones H2A, H4 and PCNA (Li et al., 2014; Ma et al., 2013; Guan et al., 2017) . In this study, the combination of C. elegans genetics and biochemistry in human cells reveals a previously uncharacterized cytoplasmic role for NEDD8, as protein quality control pathway of the apoptosome formation during the DNA-damage induced apoptosis.
In addition to the de-conjugating activity, NEDP1 also acts as a NEDD8 specific C-terminal hydrolase, exposing the di-glycine motif before NEDD8 activation by NAE (Abidi and Xirodimas, 2015; Enchev et al., 2014) . The NEDD8 pathway is essential both in C. elegans and in humans so the absence of lethality upon NEDP1 deletion indicates the presence of additional hydrolases that can process NEDD8. While NEDP1 is reported to control the mono-NEDDylation of both cullin and non-cullin substrates (Aoki et al., 2013; Broemer et al., 2010; Coleman et al., 2017; Mergner et al., 2015; Watson et al., 2010; Xirodimas et al., 2008) , the presented analysis shows that the restriction of poly-NEDD8 chains in the cytoplasm mainly through lysines K11/K48, is a key activity for ULP-3/NEDP1 that is required for the induction of apoptosis upon DNA damage.
Initiation of the apoptotic process relies on the assembly of the apoptosome, which comprises several proteins including APAF1. Oligomerisation of APAF1 provides the scaffold for the association and activation of caspases for apoptosis execution (Beere and Green, 2001) . Our 15 studies suggest that NEDP1 dependent de-NEDDylation promotes, at least partially, the release of HSP70 from APAF1, which is regarded as an important step towards APAF1 oligomerisation (Beere et al., 2000; Saleh et al., 2000) . Association of HSP70 with its binding partners is mainly controlled by the N-terminal ATPase activity of HSP70. The intrinsic ATPase activity of HSP70 is low but it is stimulated by interacting co-chaperones, which increase the turnover of HSP70 binding to the substrate (Mayer and Bukau, 2005; Young, 2010) . The biochemical analysis indicates that mono-NEDD8 has characteristics of an HSP70 co-chaperone as: 1) NEDD8 interacts within the same region in the ATPase domain of HSP70 as the J-domain of the HSP40 co-chaperone (Fig. 6C) ; 2) NEDD8 stimulates the ATPase activity of HSP70 to a similar extent as HSP40 (Fig. 6E) ; 3) The stimulatory effect of NEDD8 depends on the presence of the socalled linker domain in HSP70, a typical characteristic of co-chaperones (Jiang et al., 2007) (Supplemental information Fig. 8 ). However, upon NEDD8 polymerisation the stimulatory effect of NEDD8 on HSP70 ATPase activity is severely compromised, despite the interaction of HSP70 with poly-NEDD8 conjugates. Thus, the balance between mono-and poly-NEDD8 chains is a regulatory element for HSP70 function. Future structural studies should provide detailed insights for the role of NEDD8 in HSP70 ATPase activity stimulation and how this effect is compromised upon NEDD8 polymerisation.
The biochemical analysis proposes a mechanism for the role of the NEDD8 cycle on APAF1 oligomerisation and DNA damage induced apoptosis; the induction of NEDP1 upon DNA damage restricts poly-NEDD8 conjugates into mono-NEDD8, creating the stimulatory signal for the HSP70 ATPase activity and apoptosome formation (Fig. 7D) . Consistent with this notion, accumulation of poly-NEDD8 conjugates upon deletion of NEDP1 compromises the release of HSP70 from APAF1 and subsequently APAF1 oligomerisation, direct biological outcomes of 16 defective HSP70 function. An interesting arising model is the role of HSP70 as sensor of the NEDD8 cycle. The extent and possibly the topology of poly-NEDDylation controlled by NEDP1 may indeed act as a "rheostat" to finely tune HSP70 chaperone activity (Fig. 7D) . The studies support a paradigm where NEDP1 acts as the molecular link to functionally connect the NEDD8 cycle with the HSP70 chaperone machinery upon DNA damage.
While we can not exclude that the NEDDylation of a yet unidentified target(s) is part of the presented signaling cascade, the in vitro data show that de-polymerisation of NEDD8 chains is sufficient to activate HSP70 independently of a NEDD8 substrate (unanchored NEDD8 chains).
Unanchored ubiquitin chains have been reported to control several processes, including innate immune response, viral uncoating and aggresome formation (Banerjee et al., 2014; Hao et al., 2013; Ouyang et al., 2012; Zeng et al., 2010) . The presented biochemical data on the role of unanchored NEDD8 chains on HSP70 function along with recent studies proposing substrate independent functions for NEDD8 in the control of poly(ADP-ribose) polymerase 1 (PARP-1) activity (Keuss et al., 2019) , suggest that unanchored NEDD8 chains can act as regulatory signals.
The observed downregulation of NEDP1 levels in HCC indicates that NEDP1 is a target during tumorigenesis. This finding defines a molecular basis for the reported defects in the NEDD8 cycle in tumors as evidenced by an increase in protein NEDDylation (Abidi and Xirodimas, 2015) . Importantly, our findings on the role of NEDP1 in the DNA damage induced apoptosis through regulation of the HSP70-APAF1 module, provide potential mechanistic insights for the reported resistance of advanced HCC tumors to chemotherapy (Abidi and Xirodimas, 2015; Delgado et al., 2018) . As inhibitors for the NEDD8 pathway are in Phase II clinical trials (Abidi 17 and Xirodimas, 2015) , NEDP1 levels may provide a marker for the tumor response to these inhibitors.
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